Abstract Refrigerators are widely used by consumers with access to the electricity grid but rarely used in offgrid settings where households rely on a limited supply of electricity such as that by a stand-alone solar home system, because refrigerators' power consumption requires a solar system size that is unaffordable for most consumers. Reducing the power consumption of refrigerators by improving their efficiency is one solution to this issue. In this paper, we assess the technical potential and costs of using commercially available technology to reduce the energy consumption of small (50-and 100-L) refrigerators. Our analysis shows that refrigerator electricity consumption can be reduced by about 50% and 70% using commercially available energy-efficient components at an incremental cost of about $45-$60 and $100-$120 per unit, respectively. Further, we find that highly efficient small refrigerators can be potentially available less than $300 if they sold at scale unlike much higher prices seen in the market today. We also find that the total annualized cost of an off-grid solar home system (including the cost of the refrigerator) can be decreased by about 50% if the most efficient refrigerator we analyzed is used, compared with the same energy system with a standard refrigerator because the additional cost of the efficient refrigerator is significantly lower than the cost savings due to smaller capacity requirements for panels and batteries. We recommend that policies such as awards, procurement, and standards be considered to facilitate the adoption of energyefficient refrigerators in off-grid and microgrid settings.
Introduction
Globally, refrigerators are among the most commonly used appliances; in 2015, more than 70% of households with access to electricity owned refrigerators (Majumder 2015) . Developed economies have saturated refrigerator markets with most households owning at least one refrigerator, but ownership of refrigerators in developing economies varies significantly with income ).
An estimated of over 1 billion people worldwide lack access to electricity and an additional 1 billion people have unreliable electricity access (Casillas and Kammen 2010; IEA 2015; Phadke et al. 2015) . In regions where no electricity grid connection is available, deployment of solar home systems (SHSs) can be a key short-term strategy to supply electricity. According to a market survey conducted between late 2014 and early 2015, refrigerators were among the top five high-demand appliances for off-grid households and small and medium enterprises (Global LEAP 2015) . However, refrigerators are rarely used with SHSs. This is partly because refrigerators, unlike other appliances, typically need to operate 24 h per day to preserve fresh food within the recommended temperature range, and the typical power consumption of a refrigerator requires a much larger SHS than would otherwise be needed; these large SHSs are unaffordable for most off-grid consumers, including those earning under $2 per day. Highly efficient direct current (DC)-powered refrigerators that require smaller SHSs are expensive niche products that are also unaffordable for most consumers.
We estimate that a commonly sold SHS, which supports two lights, a radio, and a mobile charger that consume about 12 watts (W) and an estimated of 50 watt-hours (Wh) per day, requires a 17-watt-peak (Wp) panel and an 18-ampere-hours (Ah) battery and costs about $100 in manufacturer selling price (or about $200 in market price).
1 Adding a 100-liter [L] refrigerator that is used by grid-connected households and consumes 600 Wh/day would require increased SHS capacity, leading to a total incremental cost of about $1000; the solar panel and battery system account for about 85% of that increase (see Table 4 for the assumptions we used for the SHS design). The significant cost increase to power a small commercially available refrigerator would make this SHS unaffordable for most of the off-grid population. As a result, refrigerators are rarely used with SHSs.
In this paper, we assess the technical potential to reduce the energy consumption of small refrigerators using commercially available technology in order to determine whether refrigerators could be made more affordable for off-grid populations (both the cost of the refrigerator and the cost of an SHS capable of powering a refrigerator). We also discuss the potential to reduce the cost of refrigeration services in other electricity access settings (mini-or microgrids).
The remainder of this paper is organized as follows:
We assess the energy consumption and price of small refrigerators used in Europe, the USA, and off-grid settings, and use a bottom-up approach to estimate the potential and cost of refrigerator efficiency improvements based on estimates of both the improvements and the costs of key refrigerator components commercially available but not widely adopted. We then estimate the potential to reduce the cost of refrigeration service by improving refrigerator efficiency, comparing the reduction in electricity costs for a typical consumer with the incremental costs of efficiency improvements. We finally discuss the implications of our findings and make recommendations for future research.
Status of refrigerators used in off-grid settings
Small DC-powered refrigeration products have been developed for off-grid use, mainly for mobile (or leisure) and medical (e.g., for storing vaccines) applications. Historically, gas-or kerosene-fueled refrigerators with an absorption cooling cycle were used in off-grid applications. However, absorption cooling is typically inefficient and has significantly higher operating costs compared with the vapor compression cooling used in typical gridconnected refrigerators. Further, absorption cooling is not adequate for keeping temperature in the range required to safely store vaccines (2 to 8°C/35.6 to 46.4°F) (PATH and WHO 2013) . Solar refrigerators with battery storage were introduced in 1980s, but battery technologies were not mature enough at that time to support sustainable operation. Solar refrigerators have also been used for storing vaccines. These refrigerators connect directly to a photovoltaic (PV) energy system and use the PV-generated energy to freeze water (or other phase-change material) that forms an "ice bank" to keep the refrigerator cold (PATH and WHO 2013; McCarney et al. 2013) .
2 This battery-free refrigeration technology has had limited success. This technology is sometimes used by households but rarely because these units are significantly more expensive (e.g., > $500-$600 for a 50-L product) than similarly sized refrigerators used by grid-connected households (which cost approximately USD $100-$200) (PATH and WHO 2013; McCarney et al. 2013) .
It is difficult to project how large the off-grid refrigerator market could be in the medium term (e.g., within 5-10 years) and to estimate potential cost reductions, given economies of scale. At the same time, the market growth will be accelerated by technological innovation and policy intervention. A manufacturer source roughly estimated sales to be 1.5 million units per year of which 1 million units for leisure or mobile products. 3 Global LEAP (2016) projected that the off-and unreliable-grid refrigerator market has potential to grow from 9 million to 65 million units per year between 2015 and 2020 under the scenario of today's best-in-class products (e.g., a 45 W/50 L refrigerator at $300) becoming widely available.
1 For example, one of IDCOL's 20-Watt-peak (Wp) SHS with a battery, a charge controller, and two lamps was about $190 in market price in 2014 (IDCOL 2014). 2 The World Health Organization (WHO) provides a performance, quality, and safety specification for a refrigerator and water-pack freezer (compression cycle, solar direct drive without battery storage), as well as guidelines for manufacturers of solar power systems and vaccine refrigerators. 3 The identity of the manufacturer source interviewed for this information has been kept confidential because they requested anonymity as a condition of speaking with authors.
Vapor compression refrigerators in off-grid settings are typically DC-powered and consume less electricity than equivalently sized alternating current (AC) refrigerators. 4 However, off-grid vapor compression refrigerators appear much more expensive than AC-powered products . Commercially available 50-to 165-L DC refrigerators are estimated to consume about 40-73 kilowatt-hours (kWh)/year (110-200 Wh/ day) at ambient temperature 32°C (90°F) (GIZ 2016, SunDanzer n.d.) . An AC refrigerator of similar size typically consumes about twice as much electricity and costs about $100 to $200 while energy-efficient DC refrigerators do not appear to be available for less than $500 GIZ 2016; WHO 2016) . These higher prices are likely because of higher mark ups, higher costs of efficient components (e.g., DC compressors), and a lack of economy of scale in producing these niche products. Thus, the data currently available on the cost of small efficient DC refrigerators likely do not accurately represent the cost of small efficient refrigerators deployed at scale. To evaluate whether energy-efficient refrigerators can reduce the cost of providing refrigeration service in off-grid settings, we need to know the cost of small efficient refrigerators produced at scale and cannot just base it on the current prices of efficient DC refrigerators. Hence we use a bottom-up approach to estimate the cost and price of small efficient refrigerators at scale that can be used in off-grid settings.
Price and performance of small, commercially available energy-efficient refrigerators
We assess the price and performance of some of the most efficient commercially available small refrigerators typically used in grid-connected settings (where the power source is AC). Given that AC refrigerators are not a niche product, this assessment provides insights into the cost reduction achievable from economies of scale for small, efficient, DC-powered refrigerators. We can also use these data to cross-check our bottom-up estimates of the price and performance of small efficient refrigerators.
We obtained the market data for this analysis from the US ENERGY STAR database and Topten, which provide information on the best-performing appliances and equipment, including refrigerators, available in the USA, Europe, and China. Our initial screening analysis focused on small (45-to 150-L) products because only small refrigerators are likely to be affordable in off-grid settings .
Although the procedure for measuring refrigerator energy efficiency is broadly similar across countries, a number of factors can result in variation in energy consumption values (e.g., kWh/year) across countries, in particular, different specifications for ambient temperature and refrigerator compartment internal temperature in the test procedure. For example, the US standard is based on an ambient temperature of 32.2°C (90°F), but the EU standard is based on an ambient temperature of 25°C. The US standard uses a high ambient temperature instead of adding door openings and addition of warm contents. China recently revised its national standard GB12021.2, referring to the International Electrotechnical Commission (IEC) 62,252:2015 standards (parts 1, 2, and 3), effective October 2016, based on ambient temperatures of 16°C and 32°C (VHK and ARMINES 2016; APEC 2016) . 5 Since most of the off-grid population is in the warmer regions of the world, we estimate energy consumption based on an ambient temperature of 32°C for this analysis. For small refrigerators with volume equal to or less than 100 L, we use an adjustment factor of 1.8, to scale energy use from a test standard based on IEC 62252:2007 (where the test ambient temperature is 25°C with no door openings or addition of warm contents) to the US standard (where the test ambient temperature is 32°C). 6 As the actual field energy use in refrigerators will vary depending on parameters such as ambient conditions and number of times the refrigerator is opened and closed, we assess the sensitivity of our results to lower energy savings potential than those we assume in our analysis (see Appendix 4). Figure 1 shows the reported annual energy use of 215 energy-efficient refrigerator models (with storage volume of 45 to 150 L) in the USA, Europe, and China; we adjusted the reported performance of models in China 4 DC motors can achieve an efficiency over 90%, while AC motor efficiency declines to less than 80% as the motor becomes smaller. 5 Many economies (e.g., Australia, China, and the EU) have already moved to, or are moving to, adopt the IEC 62552:2015 standard for household refrigerators, which was developed to harmonize international residential refrigeration testing and efficiency metrics. 6 Based on a technical report by the APEC Energy Working Group (APEC 2016) and additional performance results of small refrigerators, those with a volume less than 100 L and refrigerator-freezers with a volume greater than 200 L have adjustment factors of 1.8 and 1.3-1.5, respectively, to scale energy use from a test standard based on 25 to 32°C .
and Europe by a factor of 1.6-1.8 by volume to show their energy use based on the US standard with its ambient test temperature of 32°C. The energy consumption of US ENERGY STAR-qualified compact refrigerator models is 15-40% (24% on average) less than the relevant US MEPS. In other words, in the USA, the average consumption of typical compact refrigerators is likely slightly less than the MEPS, and the most efficient compact refrigerators are assessed to consume by up to 40% less electricity than is consumed by typical compact refrigerators. According to the United States Department of Energy (U.S. DOE) (2011), more than 70% of compact refrigerators in the USA are in the retail price range of $75 to $175. Figure 2 shows market prices of 63 energyefficient models out of the 215 models in Fig. 1 . Several energy-efficient models consume about 200 kWh/year and are available for less than $150. However, some models that consume about 170 kWh or less appear to be much more expensive, likely due to the abovementioned reasons of cost of efficiency improvements or the lack of economy of scale. In the next section, we use a bottom-up approach to estimate the cost of efficiency improvements for refrigerators at scale.
Bottom-up estimate of efficiency improvement potential
We use a bottom-up approach to estimate the potential to reduce the energy consumption of small refrigerators and the corresponding costs. We use a methodology similar to that used in the US and European Union (EU) minimum energy performance standards (MEPS) rulemaking processes to estimate the incremental cost of efficiency improvements based on the incremental cost of key technology components that can be used in higherefficiency refrigerators. This approach typically identifies the additional potential of commercially available component technology that has not yet been realized or widely adopted.
This analysis focuses on vapor compression technology, which has been widely used for refrigerators or refrigerator-freezers around the globe. Our estimates of the efficiency improvement potential and associated incremental costs were taken mainly from t echnical studies (VHK and ARMINES 2016; U.S. DOE 2011) conducted for the European energy efficiency labeling program and the US appliance standards program. Both studies give detailed information on the cost and potential to improve efficiency using commercially available component technology. Tables 1 and 2 summarize characteristics of the baseline and energy efficiency improvement options that we assumed and analyzed.
Baseline model
Based on the findings from Figs. 1 and 2, we used one 50-L and one 100-L single-door baseline refrigerator Fig. 1 Annual energy use of energy-efficient refrigerators in China, Europe, and the USA. Notes: Data collected and adjusted by authors. The data include 180 US ENERGY STARqualified compact refrigerators (including models in a family or series) (U.S. EPA 2016), 18 EU A+++-and A+-rated single-door refrigerators (Topten.eu 2015) , and 17 most efficient (Topten China-listed) refrigerators and refrigerator-freezers. "Volume" in this analysis refers to total storage volume or net volume model to estimate cost-efficiency relationships for offgrid use. The baseline model operates on an AC singlespeed compressor. The 50-L model is assumed to consume 207 kWh/year, and the 100-L model 216 kWh/ year, based on consumption at 32°C.
7 Those consumption values are 11-13% less than the US MEPS for compact refrigerators with manual defrost. Note that the baseline model does not represent the typical performance of small refrigerators in off-grid settings. It simply establishes a baseline against which the cost of improving efficiency is measured. (See Appendix 1 for details of the criteria for determining our baseline models.) We discuss several energy efficiency improvement options considered in this analyses next.
Increasing insulation thickness
Increasing insulation reduces energy consumption. Many small refrigerators have insulation (polyurethane cyclopentane foam) that is 2.54 to 3.81 cm (equivalent to 1 to 1.5 inches) thick while some energy-efficient offgrid refrigerators have thicker insulation GIZ 2016; SunDanzer n.d.) . As insulation thickness increases, interior volume decreases, or exterior cabinet dimensions increase, or a combination of both. This affects both incremental cost and consumer utility (U.S. DOE 2011). It would be unrealistic to assume an unlimited increase in wall thickness. We assume that insulation can be increased up to 10 cm based on practical limits estimated by previous studies (VHK and ARMINES 2016; U.S. DOE 2011). We adjust the volume estimates to calculate the cost of increasing insulation thickness by 2 cm and 6 cm and the corresponding reduction in energy consumption. We assume that increasing insulation can reduce energy consumption significantly, up to about 40% at an incremental cost (i.e., manufacturer selling price) of $45, based on the findings from VHK and ARMINES (2016) and U.S. DOE (2011). (See Appendix 2 for details about our assumptions on incremental cost and efficiency improvement potential.)
Vacuum insulation panels
Vacuum insulation panels (VIPs) provide thermal insulation and have better (lower) thermal conductivity 8 than standard insulation, although it has some manufacturing complexities around corners where foam is required around the joins in the panels. The panels generally consist of a core material in an airtight envelope. They cannot cover a complete door panel because of structural design requirements (VHK and ARMINES 2016; U.S. DOE 2011). Typically, 2-cm-thick VIPs are used to replace standard insulation. Because the baseline 7 Although most climates have some seasonal variation throughout the year, we assume the energy consumption in refrigerators at 32°C, to isolate the impact of energy-efficient refrigerators on the design and cost of SHS. compact refrigerator models defined in U.S. DOE (2011) have similar sizes and specifications to our baseline models, we assume that adding VIPs in sizes similar to the options applied in U.S. DOE (2011) can reduce energy consumption by 10-20% at an incremental cost of $24-$36. (See Appendix 2 for more detail on our assumptions on incremental cost and efficiency improvement potential.)
Efficient compressors
The role of vapor compression in a refrigeration system is to take in a low-pressure refrigerant vapor and compress it into a high-pressure vapor. Compressor efficiency is affected by several factors, including pump design and motor efficiency. Possible ways to improve compressor efficiency include changing the compressor type, tightening production tolerances, using lighter materials, or oversizing the compressor (especially for low-capacity single-speed compressors). In the US market, commercially available single-speed compressors used in small refrigerators (capacity less than 60 W, < 200 British thermal units [Btu]/h) were estimated to have a coefficient of performance (COP) of 1.0 or less, which is significantly less efficient than typical compressors used on larger refrigerators (U.S. DOE 2011). However, in Europe in 2015, similar size compressors (R600a iso-butane) with COP of 1.4 or above were available (VHK and ARMINES 2016). According to VHK and ARMINES (2016) , compressors with a COP of 1.7 are available for all sizes of refrigerators (in terms of cooling capacity), and the estimated incremental costs for efficient compressors are $4-$5 for 0.1 improvement in nominal COP Use of vacuum insulation panels 10 20 24 36
It is important to note that the percent energy savings numbers are not additive, but multiplicative in nature
Incremental manufacturing cost in this study refers to manufacturer selling price Source: Authors' estimates based on VHK and ARMINES (2016) (EU preparatory/review study), Shah et al. (2014a, b) , and U.S. DOE (2011). (See Appendix 2 for details) (W/W). We assume that the compressor efficiency improvement (COP 1.4 to 1.7 W/W) can reduce refrigerator energy consumption by 20% at an incremental cost of $15. (See Appendix 2 for details on our assumptions about incremental cost and efficiency improvement potential.)
Variable-speed drives
Compared with single-speed (on/off) compressors, variable-speed drive (VSD) compressors can operate at part load (and hence at higher efficiency) and reduce start-up energy losses and possible temperature overshoot by operating continuously rather than turning on and off as a fixed-speed compressor does. These features mean that VSD compressors use significantly less electricity than single-speed models (VHK and ARMINES 2016, Mallampalli and Bohori 2012) . U.S. DOE (2011) found that, at lower capacity and smaller load, VSD compressors are far more efficient than single-speed compressors. VSD compressors typically use a permanent-magnet DC motor instead of the induction motor used in a single-speed AC compressor. DC motors in VSD compressors require more electronics than AC motors require. Highly efficient permanentmagnet motors have, at times, been cheaper than or cost competitive with conventional AC induction motors, in part because of the high cost of the copper and steel needed for AC induction motors (Shah et al. 2014a, b, Desroches and . However, the cost of copper has come down since 2011, making AC motors more attractive (InvestmentMine 2016). Thus, it is difficult to precisely estimate the current (and potential future) cost difference between DC motors and AC motors. However, the controls for a brushless DC (BLDC) motor require additional electronics costing an additional $10-$20 (Shah et al. 2014a, b) . Here, we assume that a VSD compressor with BLDC motor improves efficiency, compared with an equivalent efficient AC compressor, by an average of 23% at an average incremental cost of $27. Based on VHK and ARMINES (2016), Shah et al. (2014a, b) , and U.S. DOE (2011), efficiency improvements range from 10 to 35%, and incremental costs range from $10 to $44. (See Appendix 2 for details about our assumptions on incremental cost and efficiency improvement potential.) Other possible efficiency improvement options include using phase-change material (PCM), optimizing thermostatic control including use of electric controls, and optimizing condenser and evaporator characteristics (e.g., fan, surface area) (VHK and ARMINES 2016; U.S. EPA 2014; Shah et al. 2014a, b; U.S. DOE 2011) . For example, the EU preparatory/review study (VHK and ARMINES 2016 ) assessed a PCM that helps to stabilize refrigerator temperature, resulting in a roughly 5% efficiency gain for most base cases, and the addition of a fan to increase the air speed over the heat exchangers, resulting in an estimated efficiency gain of 3-4%. PCMs are useful only for compartments with a stable operating temperature and can reduce flexibility of operation, while the efficiency gain is relatively small if VSDs are used. In this analysis, we focus on efficiency improvement options that are widely accepted rather than on the entire universe of possible efficiency options; therefore, we did not look at PCMs or that addition of a fan.
For smaller DC refrigerators, horizontal doors (topopening) may be preferred by manufacturers over vertical doors (side-opening). Measured with a standard test, energy consumption does not appear to differ significantly between AC-powered commercial refrigerators with horizontal doors and with vertical doors (U.S. DOE 2013). However, this appears to be an artifact of the standard test procedure not including door opening as part of the test rather than being an inherent characteristic of the products. Load processing with door openings and addition of warm contents is estimated to contribute an additional energy consumption about 6-20% to average electricity consumption (APEC 2016; Terrell 2006) . Even though horizontal door refrigerators have an advantage over vertical door products in regard to saving energy that is lost when doors are opened, this advantage is not likely to be significant at homes, while the potential impact might be larger at small retail contexts where the door may be opened more frequently. In this analysis, we account only for electricity consumption estimated under a standard test with a high ambient temperature. We do not evaluate the difference in energy consumption by door types or number of door openings.
Results

Cost curve for improving efficiency
We progressively apply the energy efficiency improvement options discussed above to the baseline model to estimate the consumption reductions and corresponding costs. We apply the design options that have the lowest cost of efficiency improvement (i.e., incremental cost per % energy savings). Returns on efficiency improvement options diminish as efficiency increases because any efficiency improvement is likely to save much less energy if the refrigerator is already very efficient, in comparison with the same option applied to an inefficient refrigerator.
The bottom-up approach used here generates a costversus-efficiency relationship for refrigerators, including manufacturing costs and costs to the end-user at each level of efficiency corresponding to the design changes discussed above. Note that the analysis presented here provides a reasonable initial estimate of costs for various efficiency improvements but is likely to need further refinement and validation, particularly regarding actual energy consumption levels that can be achieved in the field. Table 3 and Fig. 3 show that it is possible to reduce the annual electricity consumption of a 100-L refrigerator by about 50% and 70% at an incremental cost of about $60 and $120, respectively. Table 11 and Fig. 9 in Appendix 3 show that the annual electricity consumption of a 50-L refrigerator can be reduced by about 60% at an incremental cost of about $100. We assume retailer markup to be 100% (a factor of 2) on average, ranging from 50 to 150% (a factor of 1.5-2.5) based on U.S. DOE (2011) and VHK and ARMINES (2016) . 9 The markup for high-efficiency models on the market may be higher if they are sold as premium products bundled with additional features. Figure 4 shows estimated retail price at several annual energy consumption levels in the modeled 50-L and 100-L refrigerators, actual retail prices of refrigerator models with a volume of 45-100 L plotted in Fig. 3 . These retail prices appear to be consistent with the price range derived from the bottom-up approach for refrigerators with energy consumption of about 200 kWh/year. We also plotted retail price and energy performance of 13 selected DC refrigeration products whose estimated annual energy consumption (at ambient temperature 32°C) is less than 400 kWh/year and retail price less than $1000. According to market research data on DC refrigeration products conducted under the Global LEAP initiative, there seems a wide variation in price and energy consumption of commercially available DC refrigerators and refrigerator-freezers. For example, a DC refrigerator that consumes about 260 kWh/year (at ambient temperature 32°C
) is sold over $2000 (not plotted in Fig. 5 ), while another DC refrigerator that consumes less than 100 kWh/year (at ambient temperature 32°C) is available about $700 . Some DC refrigerators or freezers already use highly efficient BLDC compressors and thicker insulation (11 cm). For example, SunDanzer's refrigerators DCR50 (50 L) and DCR165 (165 L) are claimed to be highly efficient, consuming 114 Wh/day (42 kWh/year) and 168 Wh/day (61 kWh/year) at 32.2°C ambient temperature, based on the manufacturer's test procedure 10 (SunDanzer n.d.). However, the price of DC refrigerators or freezers is observed typically more than $500, even for very small sizes such as 50 L. DC motors and compressors carry a high premium, in Reducing the annual energy consumption of a refrigerator reduces the size of the SHS required to power the refrigerator. In the next section, we compare the savings from reducing the size of the SHS to the incremental cost of improving the efficiency of the refrigerator.
Potential to reduce the cost of refrigeration service
Consumers will use refrigeration service if its value is more than its cost. For off-grid consumers, the cost of refrigeration service consists of the upfront cost of the refrigerator and the cost of electricity used by the refrigerator (i.e., the cost of the SHS). We assess how the cost of refrigeration service changes as refrigerator efficiency improves and annual electricity consumption reduces. We define that cost of refrigeration service (Cost rs ) as the sum of the annualized costs of the refrigerator (Cost r ) and the SHS (Cost s ) and the cost of electricity use (Cost e ). The up-front cost (nonannualized) of the SHS is available at Appendix 5.
where Cost rs _ i represents the cost of refrigeration service at annual energy consumption (AEC) with ith design of refrigerator
where Cost r _ i represents the annualized cost of refrigerator to achieve AEC with ith design option discussed above.
where Cost s represents the annualized cost of SHS required to power the refrigerator and j does each component of an SHS with a discount rate. Cost e represents the cost of electricity use. We assume a refrigerator lifetime of 10 years and a discount rate of 10%. These author assumptions are based on U.S. DOE (2011) and Zhuang et al. (2007) . According to Zhuang et al. (2007) , public discount rates in developing countries range from 8 to 15%. As the effective discount rate for off-grid households and businesses can be much higher, we add a sensitivity analysis for the assumed discount rate. We also assume a battery lifetime of 2 years for a lead-acid battery and 6 years for a lithium (Li)-ion battery and a PV and balance of system (BOS) lifetime of 10 years. These author assumptions are based on Phadke et al. (2015) , U.S. AID (2014), and Zhuang et al. (2007) .
In general, SHS cost has four components: PV module, battery, balance of system (BOS), and appliances connected to the system. Because total SHS cost is determined mainly by the PV and battery capacities associated with the total connected load, we can analyze system cost by holding constant all variables other than refrigerator efficiency and cost. Key design assumptions for SHSs in this analysis include a solar resource of 5 kWh/ m 2 per day, 3 days of battery storage, a maximum battery depth of discharge of 70% (for lead-acid battery), and 90% (for Li-ion battery), as well as the following efficiency losses: 20% loss (for leadacid battery), 10% loss (for Li-ion battery) from battery charge-discharge, and about 25% loss collectively from imperfect maximum power point tracking for the PV module, wire resistance, connector contact resistance, and other miscellaneous effects. Ongoing research in the field of battery chemistry may make lower-cost and higherefficiency options available in the near future. Table 4 summarizes our SHS assumptions. We note that our assumptions on efficiency loss in SHS are conservative, and well-designed systems could provide better performance. We add a sensitivity analysis for better-designed SHSs (more efficient) than the system defined in Table 4 (see Appendix 4).
A power surge (greater than continuous power) or a high in-rush current (greater than steady-state current) from refrigerators that do not have VSDs must be managed properly to minimize its negative effects and maximize battery life in actual off-grid energy settings (Serdarevic 2012) .
11 Although a technical discussion of high-surge power (typically required when turning on the appliance) and battery management is beyond the scope of this study, there are likely to be several relatively low-cost technical solutions to address this issue. Figure 5 illustrates estimated SHS prices in 2017 by scenario. The estimated prices are retail, including the refrigerators with average retail prices analyzed in the section "Cost curve for improving efficiency." The annualized cost of an SHS with a super-efficient refrigerator is expected to decrease by 46-48% compared with the cost of the same system with a base-case refrigerator, assuming that the super-efficient refrigerator requires 60% smaller PV and battery capacity. Although energy-efficient refrigerators cost more than less efficient models, their adoption means that a less-expensive SHS can be installed compared with what would be required to power a less efficient refrigerator. Similar results would apply over a range of system sizes, appliance types, and applications.
Impact of emerging battery technology on solar home system design Although lead-acid batteries are cheap and commonly used in a variety of applications, they have low efficiency, a small number of life cycles, and maintenance issues, which mean that they must either be much larger in capacity (e.g., 2-4 times) than a Li-ion battery or be replaced earlier (Gretz 2016 ; U.S. AID 2014; Akhil et al. 2013 ). The lead-acid battery analyzed above is roughly assumed to operate for 500 to 1000 cycles (or about 1.5 to 3 years) before its capacity drops below 80%, and replacement would be considered. In contrast, the counterpart Li-ion battery is estimated to operate for more 11 Although batteries can perform reliably when fully charged, a battery at a fraction of its full capacity might be unable to effectively support high start-up or in-rush currents, which could use up battery capacity and result in voltage drop (Serdarevic 2012 Authors' assumptions for battery, PV and BOS are based on Phadke et al. (2015) and U.S. AID (2014). Costs in the table refer to wholesale prices. The results are based on modeled data; actual system sizing would vary in practice than 2000 cycles (i.e., more than 6 years) without replacement. Thus, the per-cycle cost of Li-ion batteries is reasonably comparable with the per-cycle cost of leadacid batteries. Li-ion batteries also offer several other advantages compared with lead-acid batteries, including smaller size, greater safety, and less environmental impact. The efficiency of Li-ion batteries is improving, and the price is dropping. These advantages make clear why it is important to assess emerging battery technologies, such as Li-ion batteries, as an option for SHSs. If we calculate annualized SHS costs that take equipment lifetime into account, an SHS with a Li-ion battery would become more cost competitive against an SHS with a lead-acid battery. Table 5 shows estimated component specifications for SHS design by efficiency and battery type. Figure 6 shows annualized costs SHS design scenarios. The two efficiency cases reduce the annualized cost of the SHS by 30-42% (compared with the cost of the standard case), by reducing the required PV module and battery capacities by 63-76%.
Impact of energy-efficient refrigerators on miniand microgrids
Highly efficient small refrigerators can reduce the cost of refrigeration service in electricity access settings such as mini-or microgrids. Electricity tariffs for mini-or microgrids are significantly higher than those for the central grid, e.g., $0.15-$0.45/kWh for mini-or microgrids compared with $0.07-$0.10 for central grids in India (McNeil et al. 2011; GNESD 2014; RECP 2014) . A highly efficient refrigerator on a mini-or microgrid has the potential, in spite of its higher upfront cost, to reduce the annualized cost of refrigeration service, i.e., the annualized cost of the refrigerator plus cost of electricity use, by up to 17-19% (13-15% on average), compared with the cost with an inefficient refrigerator (see Fig. 7 for a 100-L refrigerator and Fig.  11 in the Appendix for a 50-L refrigerator).
We also estimate the cost of conserved electricity (CCE) for comparison with a range of electricity supply costs. The CCE is calculated by dividing the annualized incremental cost (IC) of adding an efficient option by the annual energy savings resulting from the efficient option. The CCE for ith design option (in Table 3 ) is calculated using annualized IC for the ith design option (IC i ) and energy savings for the ith design option, as follows:
where 
Lifetime is the refrigerator lifetime, and discount rate is the discount rate of the end-user. Figure 8 shows CCE by efficiency improvement option and electricity price for mini-or microgrids. The efficiency improvement options analyzed in this study are estimated to have CCEs that are less than an average electricity tariff $0.3/kWh on a mini-or microgrid. Thus, refrigerator efficiency on mini-or microgrids can be cost effectively improved beyond the efficiency of standard models. Ah ampere hour (See Table 4 for assumptions.) The results are based on modeled data; actual system sizing would vary in practice Energy Efficiency
Conclusion and policy implications
Although refrigerators are rarely used with SHSs in offgrid settings, possibly because of the high SHS capacity and cost requirements to power refrigerators, refrigeration remains one of the services most desired by consumers in off-grid settings. We find that improving the efficiency of small refrigerators can reduce their annual energy use and therefore reduce by up to 60-70% of the size (and cost) of the SHS required to power them. Further, efficiency improvements can reduce the annualized consumer cost of refrigeration service by up to about 50% even with the extra up-front cost of efficient refrigerators. One of the main limitations of providing electricity services using SHSs has been that these systems typically support only lighting and mobile charging. This is in part because the SHS size that would be required to power other devices such as refrigerators would make the SHS unaffordable; hence, a super-efficient refrigerator makes the SHS much more affordable by reducing the SHS size. Given that over 1 billion people worldwide still lack access to electricity, SHSs and mini-or microgrids are likely to be important strategies for meeting electricity access needs. Enabling use of refrigerators with SHSs by drastically reducing refrigerator power requirements could significantly increase access to refrigeration services. Although highly efficient DC refrigerators are commercially available that require smaller SHSs than would be needed for conventional refrigerators, these DC units are niche products typically costing more than $500 and thus are unaffordable for most off-grid consumers. Our analysis shows that if highly efficient small refrigerators can be manufactured at scale, they could sell for $200 or less in manufacturer selling price (or $300 or less in retail price). Policies and programs are needed to encourage a scale of production that would enable deployment of affordable, quality assured, highly efficient small refrigerators. Programs such as the Global LEAP Awards 12 can incentivize manufacturers to develop such refrigerators. Procurement incentive programs can enable economies of scale and associated price reductions. Financing, rebates, and pay-as-yougo programs can help address the high-first-cost barrier faced by consumers.
Our analysis provides only a preliminary estimate of the cost and potential to improve the efficiency of small refrigerators. We made several simplifying assumptions because of lack of data. Further research and data are needed to more precisely estimate the potential to improve efficiency in the context of country-or regionspecific climate conditions and behavioral patterns, taking into account seasonal availability of PVenergy output and changes in refrigeration cooling requirements throughout the year.
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Appendix 1 Definition of baseline model
In this analysis, we assumed one 50-L and one 100-L single-door baseline refrigerator models to estimate costefficiency relationships for off-and micro/mini-grid uses. The key specifications of the baseline models are adjusted from those of two "category 1" basic technical models (42-L and 107-L refrigerators) described in a recent EU study (VHK and ARMINES 2016) . Table 6 summarizes the key specifications.
Volume, envelope surface, and wall thickness We assumed two baseline models (50-L and 100-L) with an average wall thickness of 3.8 cm (1.5 in.) and calculated the refrigerator envelope surface areas by adjusted size and wall thickness. Fig. 8 Cost of conserved electricity at various efficiency levels and electricity tariffs on microgrids. CCE c_average : annualized incremental cost to consumer over energy savings. Assumptions for CCE c_average : retailer markup a factor of 2, discount rate 10% (Zhuang et al. 2007 ), refrigerator lifetime 10 years (VHK and ARMINES 2016), average electricity tariff $0.3/kWh (electricity tariffs range from $0.15/kWh to $0.45/kWh, based on Franz et al. 2014; GNESD 2014; RECP 2014; Schnitzer et al. 2014) 12 Global LEAP launched the first off-grid refrigerator competition, supported by USAID as part of the Scaling Off-Grid Energy Development Grand Challenge, the UK Department for International Development's Ideas to Impact Programme, and Power Africa, and the results are expected to be announced in early 2018. (See details for the competition at http://globalleap.org/awards/) Compressor COP and cooling power We assess the compressor efficiency (COP 1.7) of the EU basic technical models to be relatively high for small refrigerators. Commercially available single-speed compressors used in small refrigerators (e.g., with capacity less than 75 W, < 250 Btu/h) were assessed to be significantly less efficient than the typical compressors used in larger size refrigerators, e.g., COP 1.0 or less (VHK and ARMINES 2016; U.S. DOE 2011). However, in Europe, similar size compressors (R600a iso-butane) with COP 1.4 or above were available in 2015 (VHK and ARMINES 2016) . VHK and ARMINES (2016) integrated category 1 and other relevant product categories into a new product category, "COLD 1," and assumed the COP of the baseline COLD 1 product (which is approximately 250 L and uses an approximately 60-W compressor) to be about 1.6. In this analysis, we assumed the compressor COP of the baseline products is 1.4 based on the findings from VHK and ARMINES (2016). Accordingly, the cooling power of the baseline models increase compared with the cooling power of the models studies in VHK and ARMINES (2016).
Annual energy consumption
The annual energy consumption per refrigerated volume for the EU basic technical model is estimated to be 1.8 kWh/L for a 42-L unit and 0.8 kWh/L for a 107-L unit (VHK and ARMINES 2016). (Energy consumption per volume of small refrigerators is greater than energy consumption per volume of large refrigerators.) However, the 42-L technical model is assessed to be more efficient than both the EU label A+ threshold and a statistical regression result from data on commercially available products (VHK and ARMINES 2016) . In this analysis, we used the curve expressed in Eq. (7) from VHK and ARMINES (2016), which is close to the EU label A+ threshold, resulting in 2.3 kWh/L and 1.2 kWh/ L for our baseline 50-L and 100-L models, respectively. Note that EU label A+-qualified models, except for wine coolers, accounted for about 70% of the European market in 2014 (VHK and ARMINES 2016).
Equation (7) is based on the EU test standard with ambient temperature of 25°C. We use an adjustment factor of 1.8 to scale energy use from a test standard based on IEC 62252:2007 (test ambient temperature 25°C) to the US standard (test ambient temperature 32°C), based on the findings from APEC (2016). As the result, the estimated annual (2011) did not consider a significant increase in insulation thickness (see Table 7 ). However, commercially available energy-efficient DC refrigerators use thick insulation, e.g., 11-cm polyurethane for SunDanzer's DCR50 and DCF 50, which suggests that increased volume may not be as much of a constraint in the off-grid market as the on-grid market.
Benefit from VIPs can also be obtained by increasing insulation thickness. We here assume that insulation can be increased up to 10 cm with concomitant increased exterior dimensions, based on practical limits estimated by previous studies (VHK and ARMINES 2016; U.S. DOE 2011) .
To estimate the costs of increasing insulation thickness (resulting in increased exterior product dimensions) and corresponding reduction in energy consumption, we adjust estimates from other studies. According to U.S. DOE (2011), the materials cost for a 2-cm increase in insulation thickness is $2.6-3.4 (for products of 50 to 110 L), and the largest share of the total incremental cost of $16 comes from depreciation ($10), which would require redesign of the entire refrigerator platform, likely requiring that a new production plant be built. VHK and ARMINES (2016) also assumed We assumed $1 = 1.1 EURO and estimated the incremental cost based on the incremental price; i.e., the manufacturing cost of the baseline in VHK and ARMINES (2016) accounts for about 41% of the estimated market price Percent energy savings are authors' estimates at an aggregate level based on insulation-specific design options from U.S. DOE (2011). For example, if increasing door insulation by 1.9 cm improves the baseline model's efficiency from 20% (a level already achieved by other options) to 25% (a level that can be achieved by increasing insulation), this translates to an energy consumption decrease of about 6%, 0.8 to 0.75. The energy savings from additional door and cabinet insulation is calculated by 100% − (100% − 13%) × (100% − 6%) = 18%
that an increase in insulation thickness results in increased exterior cabinet dimensions. The study estimated increasing insulation up to 10 cm to reduce energy consumption up to 29-41% by product type and specifications (VHK and ARMINES 2016) . Although the baseline compact refrigerator models defined in U.S. DOE (2011) have similar sizes and specifications to those of our baseline models, the depreciation cost for potentially building a new production facility is not appropriate to use in this analysis. The estimated envelope surface areas of the 50-L and 100-L baseline models are about 36% and 53% of that of the 247-L model in VHK and ARMINES (2016) . According to VHK and ARMINES (2016) , the incremental cost required to increase insulation thickness by 1 cm is about $13-$15. Based on this relationship, we assume that the efficiency rates of our 50-L and 100-L baseline refrigerators improve by 18% and 25%, respectively, from increasing insulation thickness by 2 cm (see Table 7 for details). The incremental cost associated with this is calculated by $14 × 2 cm × 36% = $10.1 for the 50-L model and $14 × 2 cm × 53% = $14.8 for the 100-L model.
Vacuum insulation panels
Typically, 2-cm-thick VIPs are used to replace standard insulation. VIPs are estimated to reduce energy consumption collectively by 23% for the 247-L base-case model in VHK and ARMINES (2016) . This improvement can be achieved without increasing insulation thickness. U.S. DOE (2011) estimated an efficiency improvement potential from adding VIPs to increase refrigerator insulation, but U.S. DOE's estimated incremental costs appear outdated compared with those in VHK and ARMINES (2016) .
The baseline compact refrigerator models defined in U.S. DOE (2011) are similar in size and specifications to our baseline models, so we assume that adding VIPs of similar size to those applied in U.S. DOE (2011) can reduce the energy consumption by 10-20%. We estimate the size of VIPs used in VHK and ARMINES (2016) to be 5481 cm 2 (70% of 7830 cm 2 ) and the manufacturing cost to be $0.004/cm 2 . We assume that adding 4000 cm 2 (~70% of door covered) of VIPs in the cabinet and 1850 cm 2 (~50% of lateral and back sides covered) of VIPs to the door would cost about $24 for our 50-L baseline model and that We assumed 1 USD = 1.1 EURO and estimated the incremental cost based on the incremental price; i.e., the manufacturing cost of the baseline in VHK and ARMINES (2016) accounts for about 41% of the estimated market price % energy savings from U.S. DOE (2011) are authors' estimates at an aggregate level based on VIP-specific design options. For example, if adding VIPs of 4.7 ft 2 in cabinet and 2.2 ft 2 in door improves efficiency of the baseline model from 50% (a level already achieved by other options) to 55% (a level that can be achieved by adding VIPs), the associated energy consumption decreases by 10%, e.g., 0.5 to 0.45 adding 6100 cm 2 (~70% of door covered) of VIPs in the cabinet and 2850 cm 2 (~50% of lateral and back sides covered) of VIPs in the door would cost about $36 for our 100-L baseline model.
Efficient compressors
As discussed earlier, we assumed the compressor COP of our baseline products to be 1.4 based on findings from VHK and ARMINES (2016). According to VHK and ARMINES (2016), compressors with COP 1.7 are available for all cooling capacities. The incremental costs for efficient compressors are estimated to be about $4-$5 for 0.1 improvement in nominal COP (W/W) based on VHK and ARMINES (2016) and U.S. DOE (2011). We assume that the compressor efficiency improvement (COP 1.4 to 1.7 W/W) can reduce the energy consumption by 20% at an incremental cost of $15.
Variable-speed drives U.S. DOE (2011) estimated a VSD compressor alone to improve energy efficiency by 35% at an incremental cost of $44. According to VHK and ARMINES (2016) , COP and minimum capacity that can be achieved with VSD compressors vary with size of refrigerator. The study estimated that adding a VSD to base-case models reduced energy consumption by 11-28% by product category, e.g., 11% for a 247-L model. VSD compressors typically use a permanent-magnet DC motor instead of the induction motor used in a single-speed AC compressor. DC motors for VSD compressors require additional electronics compared with AC motors. Although it is difficult to precisely estimate the cost difference between DC motors and AC motors, the controls for a DC motor require additional electronics costing an additional $10-$20 (Shah et al. 2014a, b) . According to comments from an industrial expert, a VSD alone can improve energy efficiency by 10-12%. While DC compressors are still very expensive in market price, a $10-$20 inverter package that converts DC into AC makes it possible to use an AC compressor with the inverter combined. This cheaper solution is already commercially available. Here, we assume that a VSD compressor with BLDC motor improves efficiency, compared with an equivalent efficient AC compressor, by an average of 23% at an average incremental cost of $27. Based on VHK and ARMINES (2016), Shah et al. (2014a, b) , and U.S. DOE (2011), efficiency improvements range from 10 to 35%, and incremental costs range from $10 to $44. We assumed 1 USD = 1.1 EURO and estimated the incremental cost based on the incremental price; i.e., the manufacturing cost of the baseline in VHK and ARMINES (2016) accounts for about 41% of the estimated market price % energy savings from U.S. DOE (2011) are authors' estimates based on compressor-specific design options Appendix 3 Analysis results for 50-L refrigerators Manufacturing cost here possibly corresponds to wholesale price or factory gate price
The results are based on modeled data; actual manufacturing cost would vary in practice 
Appendix 4 Sensitivity of our findings to key assumptions
Our key finding is that the cost of refrigeration service can be reduced significantly by improving refrigerator efficiency. This is because the cost of the efficiency improvement is less than the savings from lowered electricity bills or smaller SHSs needed to power-efficient refrigerators compared with the costs and SHS size associated with less efficient refrigerators. There is some uncertainty about the cost of several efficiency options we discuss as well as the consumption reductions from these efficiency options. Therefore, we assess the sensitivity of our results to higher incremental efficiency improvement costs and smaller energy savings than we assume in our analysis. Specifically, we assess whether the cost of refrigeration service can be reduced even if the efficiency improvements realized were 25% less than our assumptions (e.g., if the energy savings potential of a VSD compressor were 17%, which is 25% lower than the 23% that we assumed), and if the incremental cost of energy efficiency improvement is 25% higher than our estimates (e.g., if the incremental cost of a VSD compressor were $34, which is 25% higher than the $27 assumed in our analysis). Further, we assess whether our findings still hold true if the cost of SHSs is 25% lower than we assumed, (e.g., if PV cost was $0.38/W, which is 25% lower than the $0.50/W assumed in our analysis).
Figures 12 and 13 show annualized costs at discount rate 11.5% of refrigeration service under these alternative assumptions about costs and efficiency improvement. If the efficiency improvements realized were 25% less than our assumptions, the annualized cost of SHSs would increase by 5-24% for 50-L units and 6-21% for 100-L units, depending on design options, compared with the case analyzed in "Potential to reduce the cost of refrigeration service" section (see green dotted lines in Figs. 12 and 13) . If the cost of SHSs were 25% lower than we assumed, the annualized cost of SHSs would decrease by 15-22% for 50-L units and 12-20% for 100-L units, depending on design options, compared with the case analyzed in Section 3.2 (see purple dotted lines in Figs. 12 and 13) . The more efficient SHS with MPPT efficiency 95% and other efficiency 95% and the 25% higher incremental cost of energy efficiency improvements do not significantly change the annualized cost of SHSs (see blue and red dotted lines in Figs. 12 and 13 ). Figures 14, 15 , 16, and 17 show annualized costs of refrigeration service under the same assumptions at discount rate of 8% and 15%. Fig. 11 Annualized cost of refrigeration service (C rs ) with a 50-L refrigerator on micro/minigrids at various efficiency levels Energy Efficiency Fig. 13 Cost of refrigeration service with a 100-L refrigerator under alternative assumptions about cost and efficiency improvement. Discount rate 11.5% The total costof SHSwith a 50-L super-efficient refrigerator is expected to decrease by 13% (for lead-acid battery) and 40% (for Li-ion battery) with 63% smaller PVand battery capacities required, compared with the same energy system with a standard refrigerator.
The total cost of SHS with a 100-L super-efficient refrigerator is expected to decrease by 11% (for lead-acid battery) and 42% (for Li-ion battery) with 70% smaller PV and battery capacities required, compared with the same energy system with a standard refrigerator. Although energyefficient refrigerators cost more than less efficient models, their adoption contributes to the decline in overall solar home system cost. Similar results would also apply over a range of system sizes, appliance types, and applications. 
